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(54) METHOD FOR DECONTAMINATING A STRUCTURAL ELEMENT OF A NUCLEAR REACTOR

(57) The present invention is referred to the nuclear engineering field and can be applied for effective decontamination
of the design components of the nuclear power plants (NPP) - pipelines, pumps and other metal structures of the primary
coolant circuit, as well as irradiated graphite stack of reactors that contain active isotopes 14C, 60Co, 134Cs, 137Cs and
others, which concentrate during operation mainly on the surface of these design components. The method allows to
conduct controlled plasma sputtering of the selected surface sites of radioactive reactor designs in the atmosphere of
reactionless gas with the transfer and condensation of active isotope atoms on a replaceable platform. The technical
result achieved by the invention lies in the fact that at plasma sputtering the surface of design components of the nuclear
power plants and graphite stack, as the most contaminated with radioactive isotopes, a significant reduction of radioactivity
of the treated designs of the nuclear power plants, as well as concentration and the corresponding a contraction of the
volume of the radioactive waste is achieved. The indicated technical result is achieved by the fact that in the decontam-
ination method for the nuclear reactor design component, comprising the nuclear reactor design component treating
with a low-temperature plasma under the flow of reactionless gas according to the claimed decision to the selected site
on the surface of the design component is supplied to the electrode, ignite plasma discharge between the surface of the
design component is chosen as the cathode, and the electrode is chosen as the anode, the operating parameters of the
discharge effective to sputtering of the cathode are chosen, the cathode is sputtered, the electrode and gas pipeline,
diverting inert gas from the discharge zone are cooled to the temperature sufficient for the precipitation of the sputtered
atoms on the surface of the electrode and lines, after sputtering the cathode to the specified depth, the electrode is
moved to a new area of treatment and the process steps are repeated until the complete treatment of the entire surface
decontaminated design component.
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Description

[0001] The present invention is referred to the nuclear engineering field and can be applied in nuclear energy techniques
intended for decontamination and safe handling of radioactive design components of nuclear power plants (NPP), in
particular, for surface decontamination of irradiated reactor graphite and metal structures that have come into contact
with the reactor coolant.
[0002] The methods for treating irradiated reactor graphite (see, for example, patents RU 2546981, RU 2212074,
EP1771865, US 9040014), which consist in heat treatment of reactor graphite in an inert, and then in an oxidizing or
reducing gas conditions with the release of gaseous compounds of radioactive isotopes and their subsequent binding
in liquid or solid form are already known. In particular, the method according to the patent RU 2212074 includes the
release of oxides of the carbon isotope 14C from irradiated reactor graphite in the mode of blowout with heated air at
the temperature from 450°C to 530°C and their subsequent chemical binding. The detriments of these analogues include
the inability to provide preferably surface treatment of graphite (within a few microns in depth) due to the non-local nature
of the thermal action on the graphite surface due to its high thermal conductivity (deep layers are also heated). Another
detriment is the formation of carbon 14C oxides and other radioactive isotopes in volatile form, which requires their further
chemical binding with an increase in the volume of the generated radioactive waste in the liquid and solid phases. Also,
the detriments of the known treatment methods include the need for preliminary dismantling and grinding of graphite
bricks and design components of nuclear power plants with an initially high level of radioactivity, which worsens the
conditions for radiation safety of personnel and increases the work labour input.
[0003] The methods for thermal treatment of spent reactor graphite with grinding, mixing with reactive chemicals and
conducting high-temperature synthesis in an inert atmosphere to form a solid residue without releasing gaseous waste
(for example, patents RF 2065220, RF 2192057) are already known. The indicated methods include grinding of graphite
and adding titanium and/or aluminum, titanium dioxide and/or silicon dioxide to the grinded mass. Then the mixture is
placed in a reactor filled with an inert gas and set off the reaction of combustion without flame. The hot fusion product
under the RF patent No. 2065220 is compacted during combustion or after combustion of the mixture, and then sent to
disposal. The detriments of the specified methods are the need for the preliminary dismantling and grinding of the graphite
bricks and design components of NPP with initially high level of radioactivity, the inevitable release into the atmosphere
of radioactive 14C dioxide, as well as the increase in the amount of the resulting radioactive waste (RW) in sintering by
high-temperature synthesis in the absence of a mechanism of selective pollutant removal with the highest concentration
of radioactive isotopes. These factors worsen the personnel radiation safety conditions, increase the work labour input
and do not allow to obtain RW in a compact form as a result.
[0004] The plasma methods for treating spent graphite, for example, according to patent RU 2435241, according to
which layers of radioactive graphite are loaded into the furnace and ignited in an oxidizing medium with plasma generated
by a plasma torch are already known. Then the plasma torch is turned off, fragmented radioactively contaminated metal
structures are loaded into the furnace, melting is carried out with the dissolution of carbon in the metal, after which the
slag flux melt is placed in a transport container and sent for solidification and subsequent disposal in special disposal
sites. The detriments of this method include the inevitable contamination of the metal melt with radioactive isotopes and
the loss of the possibility of its further use, as well as the release of radioactive isotopes (in particular, carbon dioxide
14C) when extracting melting gases from the furnace.
[0005] The method for plasma treatment of graphite according to patent RU 2580818 includes grinding it into fractions
and then placing them in a plasma-chemical reactor as consumable electrodes, which are then vaporized in a low-
temperature plasma with an oxidizer. The reaction products are deposited in the dispersed phase in the form of the bed
ash are provided on the walls of the plasma-chemical reactor. The reaction product gases are removed from the reactor,
the carbon oxides are liquified and sent for further disposal. The solid bed ash is extracted from the plasma-chemical
reactor for subsequent disposal. The detriments of the proposed method are the complexity of extracting the radioactive
bed ash formed on the walls of the plasma-chemical reactor, and the lack of a mechanism for selective pollutants removal
with the highest concentration of radioactive isotopes.
[0006] The closest to the proposed method is the technical solution under the patent RF2603015, selected as the
prototype. The known method for cleaning irradiated graphite bushings of a uranium-graphite reactor includes heating
them, treating them with gas, transferring impurities to the gaseous phase, and cooling the carbon material, while the
process is continued until the graphite bushing completely evaporates. The detriments of the known method chosen as
the prototype is the need to dismantle and transport radioactive design components to the plasma-chemical chamber,
which worsens the conditions for radiation safety of personnel, increases the work labour input. Another detriment of
the method chosen as the prototype is the lack of a mechanism for selective pollutants removal with the highest con-
centration of the radioactive isotopes.
[0007] The object of the proposed method is to create the technology for the decontamination method for the nuclear
reactor design components by plasma sputtering the surfaces of irradiated design components of nuclear power plants
and graphite stack, which are mainly contaminated with radioactive isotopes during operation, to dislodge these radio-
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nuclides from the surface together with the surrounding atoms, to precipitate them on a cooled header and then extract
them together with the header.
[0008] The technical result achieved by the invention lies in the fact that at plasma sputtering the surface of design
components of the nuclear power plants and graphite stack, as the most contaminated with radioactive isotopes, a
significant reduction of radioactivity of the treated design components of the nuclear power plants, as well as concentration
and the corresponding a contraction of the volume of the radioactive waste is achieved.
[0009] The indicated technical result is achieved by the fact that in the decontamination method for the nuclear reactor
design component, comprising the nuclear reactor design component treating with a low-temperature plasma under the
flow of reactionless gas according to the claimed decision to the selected site on the surface of the design component
is supplied to the electrode, ignite plasma discharge between the surface of the design component is connected as the
cathode, and the electrode connected as the anode, the operating parameters of the discharge effective to sputtering
of the cathode are chosen, the cathode is sputtered, the electrode and gas pipeline, diverting inert gas from the discharge
zone are cooled to the temperature sufficient for the precipitation of the sputtered atoms on the surface of the electrode
and lines, after sputtering the cathode to the specified depth, the electrode is moved to a new area of treatment and the
process steps are repeated until the complete treatment of the entire surface decontaminated design component.
[0010] Preferably, the surface of the irradiated graphite stack of a nuclear reactor is used as the decontaminated
design components.
[0011] Further, the internal surfaces of the primary reactor coolant circuit, as well as its pipelines and coolant circulation
systems, can be used as the design components.
[0012] Argon or nitrogen is preferably used as the reactionless gas.
[0013] The electrode can be made of copper, or aluminum, or aluminum alloy, or refractory metal, or tantalum.
[0014] According to the present method, the electrode and the gas line that removes the reactionless gas from the
plasma discharge zone can be cooled by forced circulation of a liquid or gaseous refrigerant having a set input temperature.
[0015] According to the present method, it is preferable to create a temperature distribution along the length of the
gas line that removes reactionless gas and sputtered atoms from the plasma discharge zone, so that the sputtered
atoms with different evaporation temperatures will condense on different sections of the line.
[0016] The shape of the electrode surface is preferably chosen similar to the shape of the surface of the treated design
component so that the gap between the electrode and the treated component is unchanged over the entire surface.
[0017] According to the present method, the pressure of the supplied inert gas on the order of the atmospheric one
or lower is preferably chosen as the operating parameter of the discharge.
[0018] According to the present method, the gap between the electrode and the surface is preferably set as the
operating parameter of the discharge so that it does not exceed 100 lengths of the electron free path at the operating
pressure of an inert gas.
[0019] According to the present method, the electric voltage of the plasma discharge between the electrode and the
surface in the range from 300 to 1000 Volts can be set as the operating parameter of the discharge.
[0020] According to the present method, the current density of the plasma discharge in the range of 0.1 - 1 A/cm2 can
be set as the operating parameter of the discharge.
[0021] According to the present method as a working parameter category the repetitively-pulsed mode of plasma
discharge may be chosen, and the pulses duration and their duty cycle according to the performance of the process of
mass transfer of the sputtered atoms on the anode and taking into the account the cooling rate of the electrode may be
determined.
[0022] The surface temperature of the electrode and the line sufficient for precipitation of the sputtered atoms is
preferably chosen equal to the temperature at which the saturated vapor pressure of the precipitated atoms is 0.01 - 10 PA.
[0023] The cathode sputtering depth is preferably controlled by the level of residual radioactivity after treating the site
on the surface of the nuclear reactor design component.
[0024] Thus, to achieve the objectives, according to the present method the nuclear reactor design component is
treated with a low-temperature plasma under a flow of reactionless gas and, unlike the prototype, according to the
present technical decision to the selected site on the surface of the treated design component is supplied to the electrode,
ignite plasma discharge between the surface of the design component as the cathode, and the electrode connected as
the anode, the operating parameters of the discharge effective to sputtering of the cathode are chosen, the electrode
and gas pipeline, diverting inert gas from the discharge zone are cooled to the temperature sufficient for the precipitating
of the sputtered isotopes on the surface of the electrode and lines, after sputtering the cathode to the specified depth,
the electrode is moved to a new area of treatment and the process steps are repeated until the complete treatment of
the entire surface decontaminated design component.
[0025] Sputtered surface atoms and radioactive isotopes are precipitated on the surface of the cooled electrode in the
mass transfer mode. Sputtering of a surface with any geometry and any component composition is provided by the
formation of a near-surface cathode layer of plasma with controlled energy of the ions bombarded. This allows decon-
tamination at the location of the nuclear power plant until it is completely disassembled: the plasma source on the
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manipulator moves sequentially, step by step, along all the internal surfaces of the primary reactor coolant circuit, as
well as on the surface of the graphite stack, while surface atoms enriched with isotopes are transferred to the surface
of the cooled metal electrode, which is made, for example, of copper or aluminum. The electrode with the concentrated
highly active precipitate is periodically removed and can be either compactly disposed or used as a high-grade concentrate
with the desired isotope (in particular, 14C) for the beneficial application in medicine. The present method requires only
the cost of electricity and the supply of inert gas (argon) with its recirculation. This method will allow to pre-reduce the
activity of all reactor designs before repair or final disassembly and disposal, avoid the formation of the large volume of
the liquid radioactive waste that will occur with competing methods of radiochemical decontamination, and additionally
obtain some useful isotopes in significant quantities.
[0026] The claimed invention is illustrated by the following drawings.

Figure 1 schematically shows the fragment of the the vertical cross-section of the core of a graphite nuclear reactor,
as well as a diagram of the formation of 14C carbon isotopes during collisions of neutrons with nitrogen atoms and
subsequent diffusion of 14C with the precipitation and accumulation on the surface of the graphite stack.
Figure 2 shows a diagram explaining the transfer of radioactive isotopes from the core by the coolant and their
precipitating on the surface of the design components of the primary reactor coolant circuit.
Figure 3 shows a sectional diagram explaining the general arrangement of the plasma source device. For ease of
understanding, the power source, gas supply lines and electrical voltage are not shown.
Figure 4 shows a block flow diagram that in general terms explains the main components of the unit for plasma
surface treatment.

[0027] Specific examples of the embodiment of the present invention, the following describe some particular embod-
iments, are not the only ones possible, not restrict the generality of the claimed invention, but clearly demonstrate the
possibility of achieving the given set of essential features of the invention claimed technical result.
[0028] It is known that during the operating process of a nuclear power plant, radionuclides formed in the core enter
the coolant, are transferred as a result of its circulation, and precipitate on the inner surfaces of the primary reactor
coolant circuit metal structures, for example, of the WWER type. In addition, in graphite reactors (for example, the RBMK
type), 14C radionuclides are formed by neutron bombardment of nitrogen gas blowing through the graphite stack, and
also precipitate on the surface of the stack. These contamination from the surface can not penetrate deep into the metal
structures of the nuclear power plant, and therefore it is advisable to start full or partial decontamination with the collection
and removal of radionuclides accumulated on the surface. The proposed method for plasma decontamination of nuclear
power plant design components (the inner surfaces of the primary reactor coolant circuit components and the outer
surface of irradiated reactor graphite, as the most radioactive after fuel assemblies) is based on ion sputtering of surface
atoms in an inert gas plasma and collecting the sputtered atoms on a replaceable platform, followed by its extraction
and disposal.
[0029] One example of the embodiment of the present method is the purification of irradiated reactor graphite from
14C, 60Co, 134Cs , 137Cs radionuclides, etc., among which the 14C isotope has the greatest activity, which has a half-life
of 5730 years and is produced in significant quantities during operating process. The main reaction leading to the
formation of the 14C carbon isotope is the 14N(n,p)14C neutron capture reaction with a cross section of 1.8 Barn, which
occurs in a helium - nitrogen mixture used for blowdown of the graphite stack. 13C neutron capture(n,γ)14C isotopes 13C
in the graphite stack (the proportion of the isotope 13C in graphite 0.011), as well as the formation of 14C due to two
sequential processes of neutron capture of 12C(n,γ)13C and 13C(n,γ)14C cross-section with 0.004 and 0.0015 barn (see
[1]), give isotope breeding 14C is distinctly smaller contribution. Blowdown of the reactor space and graphite stack with
a nitrogen-helium mixture is carried out at a pressure slightly higher than the atmospheric one, the temperature in the
center of the graphite stack is ~ 500 ° C. Under these conditions, the concentration of the gas mixture is ~1019 cm-3, the
ratio of helium to nitrogen is 6/4, the nitrogen concentration is 0.431019 cm-3, the fluence (total flow) of neutrons for 30
years of operation of the reactor is 1022 neutrons/cm2. The concentration of 14C carbon accumulated in 1 cm3 of the
space filled with a gas mixture over 30 years as a result of neutron capture of 14N (n,p)14C is estimated by the formula:

[14C]=[N2] · σ(14N(n,p) 14C) · [Fn] (1)

where σ (14N(n, p) 14C) is the neutron capture cross-section, [N2] is the nitrogen concentration, and [Fn] is the neutron
fluence, while the value of the accumulated concentration [14C] is ~ 0.731017 cm-3.
[0030] Similarly, the concentration of carbon 14C formed in 1 cm3 of graphite stack as a result of two neutron capture
processes 12C (n, γ) 13C and 13C(n,γ) 14C is determined by the formula:

[13C]=[12C] · σ(12C(n,γ) 13C) · [Fn], (2a)
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[14C]=[13C] · σ(13C(n,γ) 14C) · [Fn], (2b)

where [14C], [13C] and [12C] are the concentrations of carbon isotopes ⎯ 14, 13 and 12, respectively.
[0031] According to the formulas (2a) and (2b), the accumulated concentrations of carbon isotopes in one cubic
centimeter of graphite stack are [13C] = 4 3 1018 cm- 3, [14C] = 4.8 3 1013 cm-3.
[0032] Fig. 1. schematically shows the mechanism of formation in the gas phase and precipitating of carbon 14C on
the surface. Nitrogen atoms 1, colliding with neutrons 2 in the nitrogen-helium mixture filling the reactor space, turn as
a result of the reaction (1) into carbon isotopes 14C - 3 and are precipitated on the surfaces of graphite bricks 4, graphite
rings 5, which surround the technological channel with the fuel assembly 6. Vertical arrows (from the bottom to the top)
show the direction of the nitrogen-helium mixture supply to the reactor space for cooling the stack. The gap between
the surface of the graphite stack bricks and the technological channel with the fuel assembly is approximately 1 mm
(this is the thickness of the gas layer above the surface). If 731015 cm-3 14C atoms fall out per unit area of the stack
surface in 1 cm2, then the enrichment of the entire surface of the graphite brick with a cross section of 25x25x60 cm is
531019 14C atoms, which is an order of magnitude higher than the enrichment of graphite by volume with the 14C isotope
as a result of neutron bombardment during operation. Also, additional surface contamination of graphite stack with the
14C isotope may be caused by the penetration and intercalation of nitrogen gas between the graphene layers forming
the surface layers of graphite, followed by the conversion of intercalated nitrogen atoms to 14C during the neutron
bombardment. The surface enrichment of the reactor graphite stack surface with the 14C carbon isotope is also confirmed
by the experiments [2-3]. Therefore, the plasma mass transfer of atoms that make up the surface layers of graphite with
a thickness of about 0.1-1 microns to the cooled platform during sputtering can reduce the total 14C activity of a standard
graphite brick by 10 or more times.
[0033] The present method will also be applied to remove radioactive contamination of the primary reactor coolant
circuit (in particular, the WWER or RBMK type), which occur due to the precipitation of active isotopes in the form of an
insoluble precipitate on the inner surfaces of the primary reactor coolant circuit during the circulation of the coolant.
Among the causes of the coolant radioactive contamination the following may be identified: neutron exposure irradiation
of coolant impurities, oxides of structural materials arising from the corrosion processes, as well as violation of the
tightness of fuel assemblies with subsequent transfer of radioactive elements into the coolant. The scheme of transfer
of the radioactive isotopes by the coolant and their precipitation on the surfaces of the primary reactor coolant circuit
components is illustrated in Fig. 2. The highest concentration of the radioactive isotopes 7 (indicated by asterisks) is
formed in the area of fuel assemblies in the reactor 8. Further, these radionuclides are carried by the circulation of the
coolant (the direction of circulation is shown by the broken arrows) through the steam separator 9, the main circulator
10, the turbine 11, the generator 12, the condenser 13, the feed pump 14, polluting the surfaces of these primary reactor
coolant circuit components. For completeness, Fig.2. shows the water flow course from the 2nd cooling circuit to the
spillway 15 and the direction of water from the reservoir 16. The radionuclides precipitated on the surfaces cannot
penetrate deeply into design elements and pipelines, since they are made of high-strength stainless steels, so the
decontamination method by plasma sputtering of the precipitated surface layer of contamination is effective.
[0034] Thus, it can be concluded that the present decontamination method of the design components of the nuclear
power plants and graphite stack will allow, after removing highly active surface contamination, to reduce the radioactivity
of the design components of the nuclear power plants by an order of magnitude or more, which will make it possible to
reduce the cost of handling the remaining RW and the regulations of their disposal.
[0035] The method is embodied in the following way.
[0036] The treatment of the nuclear reactor design component with low-temperature plasma is carried out when a flow
of reactionless gas is supplied, which is removed from the treatment zone using a gas line. As a reactionless gas, argon
or nitrogen are mainly used, the reactionless gases that do not enter into chemical reactions with the sputtered atoms.
[0037] The decontaminated surface of the design component is chosen as the cathode, and the electrode serves as
the anode. Decontaminated design components can be the surfaces of the irradiated graphite stack of the nuclear
reactor, the internal surfaces of the primary reactor coolant system, as well as its pipelines and coolant circulation systems.
[0038] An electrode is brought to the selected site on the surface of the design component, a plasma discharge is
ignited between the electrode and the surface of the design component, and the cathode surface is sputtered. Therein,
the operating parameters of the discharge are selected based on the condition of effective sputtering of the cathode. As
the operating parameters of the discharge ensuring effective sputtering of the cathode surface, a number of indicators
are selected that depend on each other, while the pressure of the supplied inert gas is selected on the order of the
atmospheric one or lower, the gap between the electrode and the surface is selected so that it does not exceed 100
electron free path at the operating pressure of the inert gas, and the electric voltage of the plasma discharge between
the electrode and the surface is in the range of 300 to 1000 Volts, and the current density of the plasma discharge lies
in the range of 0.1 - 1 A/cm2. According to the present method as a working parameter category the repetitively-pulsed
mode of plasma discharge may be chosen, and the pulses duration and their duty cycle according to the performance
of the process of mass transfer of the sputtered atoms on the anode and taking into the account the cooling rate of the
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electrode may be determined.
[0039] The electrode can be made of copper, aluminum, or aluminum alloy, or refractory metal, or of tantalum. In the
case of the implementation of the present invention with the electrode made of a refractory metal, it is possible to maintain
the temperature of the electrode sufficiently high in order to condense less volatile sputtered atoms on the surface of
the electrode, and more volatile ones - on the surface of the gas line that removes the reactionless gas.
[0040] The shape of the electrode surface is preferably chosen similar to the shape of the surface of the treated design
component so that the gap between the electrode and the treated component is unchanged over the entire surface.
[0041] During the surface treatment with a low-temperature plasma discharge, isotopes are sputtered, and therefore
the sputtered isotopes are precipitated on the surfaces of the supplied electrode and gas line by cooling the latter. That
is, the electrode and the gas line that removes the reactionless gas from the discharge zone are cooled to the temperature
sufficient for deposition of the sputtered atoms on the surface of the electrode and the line, after sputtering the cathode
to a given depth.
[0042] After that, the electrode is moved to a new selected treatment site and the method operations are repeated
until the entire surface of the decontaminated design component is completely treated.
[0043] According to the present method, the electrode and gas line, diverting inert gas from the zone of the plasma
discharge can be cooled by forced circulation of a liquid or gaseous coolant having the set input temperature, therein
they create such a temperature distribution along the length of the gas line, the discharge inert gas and sputtered atoms
from the plasma discharge zone so that sputtered atoms with different temperatures of evaporation will condense at
different parts of the line.
[0044] The surface temperature of the electrode and the line sufficient for precipitation of the sputtered atoms is
preferably chosen equal to the temperature at which the saturated vapor pressure of the precipitated atoms is 0.01 - 10 PA.
[0045] The cathode sputtering depth is controlled by the level of residual radioactivity after treating the site on the
surface of the nuclear reactor design component.
[0046] The general view of the device for implementing plasma surface sputtering, collecting and removing radionu-
clides is shown on Fig. 3. The discharge is ignited between the treated surface - the cathode (K) and the positively
charged cooled copper (or aluminum) electrode - the anode (A). The inert gas (argon, xenon, helium, neon) is fed into
the discharge gap between (A) and (K) in the direction 17. The glow discharge occurs as a result of applying a voltage
between the electrodes (A) and (K), the high-energy electrons 18 born in the discharge collide with the atoms of the
inert gas 19 and lead to the formation of positive ions of the inert gas 20. The distribution of the potential V over the
length of the discharge gap d is shown in the right part of Fig. 3. It is necessary to note the formulation of the significant
voltage flicker near the cathode (cathode fall) due to the known self-organization of the spatial structure of the plasma
discharge. The ions of the reactionless gas 20, which acquire energy in this field, knock out the atoms 21 of the cathode
material (K), simultaneously causing the emission of secondary electrons 18 from the cathode. Sputtering of a surface
with any geometry and any component composition is provided by the formation of a near-surface cathode layer of
plasma with energy of the ions bombarded which may be controlled. Neutral knocked-on atoms 21 from the cathode
material (K) reach the forced-cooled electrode (A) and precipitate on its surface. Thus, sputtering occurs when the
reactionless gas is supplied to the discharge gap, the discharge is ignited, and the sputtering products 21 are pumped
out, during which they precipitate on the cooled electrode (A). It is advisable to use argon as a reactionless gas, as it is
cheaper and has the necessary electrophysical properties, as well as nitrogen.
[0047] It is practicable to treat the surface of irradiated graphite in an argon plasma medium at a pressure of P ~ 0.1
atm, and set the distance d between the treated surface and the cooled electrode to ~ 2 mm. According to the well-
known Paschen curve, which describes the conditions for the occurrence of various types of discharge depending on
the electric-field intensity, the value of the applied voltage between the treated surface and the electrode for igniting the
discharge in argon should be at least 100 V. At the discharge voltage ~ 600V, the sputtering yield of graphite with argon
ions is about K=0.1 [4]. The sputtering rate of the cathode material Vp, which characterizes the thickness of the removed
material layer per unit time for a given ion current density, is equal to: 

where e is the electric charge, C (coulomb); ρ is the material density, g/cm3; j is the ion current density, A/cm2; Ms is the
mass of the material (carbon) atoms, g/mol; Na is the Avogadro number, mol-1, or
Vp = h/t is the sputtering rate, where h is the thickness of the material layer to be etched, cm; t is the sputtering time, s.
[0048] The sputtered atoms from the treated surface diffuse in the argon atmosphere from the cathode to the platform
(anode). In the present case, the diffusion is described by the one-dimensional Laplace equation with the boundary
conditions at the cathode and anode: 
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where n(x)) is the concentration of the sputtered atoms of the treated surface (cathode), F is the density of the flow of
the sputtered atoms that have left the cathode, D is the diffusion factor of the sputtered atoms in an inert gas medium,
x=0 and x=d are the coordinates of the cathode and header (anode) surfaces, respectively. The solution of the equation
(4) is the function: 

demonstrating a linear cutoff in the concentration of the sputtered atoms from the cathode to the anode, while the flow
density of the sputtered atoms that have left the cathode is preserved along the entire length of the gap between and is
equal to the flow density of atoms reaching the header.
[0049] Depending on the cathode temperature and the energy of the projectile ions, it is possible to control the atoms
behavior kinetics on the cathode surface and implement various options for influencing the cathode surface when one
of the processes is prevailing for removing atoms from the treated surface: ion sputtering, chemical reactions, or thermal
desorption.
[0050] Depending on the contamination nature and types of NPP design components optimal experimental conditions
of discharge ignition varies in the wide ranges: pressure and composition of the reactionless gas or of the gaseous
mixture (Ar, Xe, Kr, N2, etc.), the distance between the working electrode and the surface, the magnitude of the applied
voltage, the current density in the discharge. Discharge ignition can be performed in a stationary or repetitively-pulsed
mode, depending on the state of the sputtered surface and the required energy input to the plasma, while the period
and duration of the pulse can vary widely to achieve the optimal gas temperature in the discharge gap. The electrode
and the gas line that removes the chemically inert gas from the plasma discharge zone are cooled by forced circulation
of a liquid or gaseous refrigerant (for example, water or liquid nitrogen vapors) having a set input temperature, where
applicable.
[0051] In addition, for the selective isolation of radioactive isotopes of various chemical elements for their subsequent
useful application, it is possible to create such a temperature distribution along the length of the gas line that removes
the reactionless gas and the sputtered atoms from the plasma discharge zone that the sputtered atoms of different
chemical elements with different evaporation temperatures will condense on different sections of the line. It has been
established that the precipitation velocity and the reverse of evaporation of a set kind of atoms is determined by the
vapor pressure of this substance, therefore, the temperature of the electrode surface or part of the highway intended
for the precipitation of the specified sputtered atoms can be selected in a range in which the vapor pressure of the
precipitated atoms is, for example, from 0.01 to 10 Pa. If it is necessary to precipitate preferably low-volatile atoms (e.g.,
carbon and 14C isotope),so the electrode is made of refractory metal (e.g., tantalum Ta) in order to be able due to energy
of plasma or an additional heating source to maintain its temperature sufficiently high (e.g., 2000° C) in order to condense
the more volatile of the sputtered atoms (Co, Cs, etc.) is not on the surface of the electrode but on the surface of the
colder sections of the gas line, diverting reactionless gas.
[0052] Further these sections of the line with the precipitated atoms of the selected chemical element containing the
desired isotope are separated and can serve as sources of the selected isotope. Thus, for example, 14C, 40Co, 41ca,
137Sr, and 137Cs isotopes can be selectively obtained during decontamination of radioactively contaminated nuclear
power plant components.
[0053] The 10310 cm plasma source moves on the manipulator step by step, covering all points of the internal surfaces
of the primary reactor coolant circuit, as well as on the surface of the graphite stack, while surface atoms enriched with
isotopes are transferred to the surface of the cooled header (anode) and the exhaust gas line. Radiation detectors may
also be mounted on an additional manipulator to monitor the degree of decontamination of the treated surfaces
The flow diagram of the surface treatment device, the function of which is based on the present method, is shown on
Fig.4. The discharge module 22 and its parameters are controlled remotely using a computer 23, the discharge ignition
parameters are set and controlled using the power supply 24, the key 25 and the current meter 26. The electrode with
a concentrated highly active precipitate is periodically removed and can be either compactly disposed or used as a
concentrate with a high degree of enrichment with the desired isotope (in particular, 14C) for useful application in medicine.
[0054] One example of the embodiment of the present invention is the ignition of a DC plasma discharge in an argon
medium at a pressure of P ~ 0.1 atm, the header (anode) is installed at a distance of 2 mm above the surface of the
decontaminated graphite. The operating voltage at the discharge gap is set by the power supply in the range of 300-1000
V, which is necessary to ignite the discharge, and then adjusted to the optimal value necessary for the stability of the
discharge and achieving the desired current density. The sputtering yield of graphite by argon ions with an energy in
the range of 100-500 eV (the energy of ions after passing the plasma cathode layer) is 0.0340.1 [4]. When the ion
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current density is j=1A/cm2, the rate of carbon sputtering by argon ions will be 0.75310-5 cm/s, and it will take ~ 13 s to
sputter a graphite layer with a thickness of 1 micron. The thickness of the surface contamination of graphite bricks due
to the precipitation of 14C from the nitrogen-helium mixture on the surface, as well as the transmutation of intercalated
nitrogen to 14C in the surface layer of graphite does not exceed 1 micron. Thus, plasma treatment of the surface of the
graphite brick with dimensions of 25x25x60 cm and a surface area of 7250 cm2 with a plasma electrode with an area
of 100 cm2 to a depth of 1 micron will take about 1000 seconds. The total surface area of the graphite stack of the type
RBMK reactor is about 1.43108 cm2, and the total time for treating the surface layer with a thickness of 1 micron of the
entire graphite stack of the type RBMK reactor (with the simultaneous use of 10 devices based on the present method)
it is approximately 23106s, i.e. about 1 month.
[0055] Another example of the embodiment of the present invention is the ignition of a DC plasma discharge in an
argon medium at a pressure of P ~ 0.1 atm, the header (anode) is installed at a distance of 2 mm above the decontaminated
surface made of the steel (iron). The operating voltage at the discharge gap is set by the power supply in the range of
400-600 V. The sputtering yield of iron atoms by argon ions with the energy in the range of 100-500 eV equals to 0.2-1.0
[4]. When the ion current density is j=1A/cm2, the rate of iron sputtering by argon ions will be 7310-5 cm/s, and it will
take ~ 1.3 s to sputter a layer of steel with precipitated impurities of 1 micron thick from the selected site of the design
component of the primary reactor coolant circuit.
[0056] The third example of the embodiment of the present invention is the ignition of a DC plasma discharge in an
argon medium at a pressure of P ~ 0.1 atm, the header (anode) is installed at a distance of 2 mm above the decontaminated
surface made of stainless steel (chromium). The operating voltage at the discharge gap is set by the power supply in
the range of 400-600 V. The sputtering yield of chromium atoms by argon ions with energy in the range of 100-500 eV
equals to 0.12-0.6 [4]. When the ion current density is j=1A/cm2, the rate of iron sputtering by argon ions will be 4310-5

cm/s, and thus it will take ~ 2 s to sputter a layer of steel with precipitated impurities of 1 micron thick from the selected
site of the design component of the primary reactor coolant circuit.
[0057] The fourth example of the embodiment of the present invention is the ignition of a DC plasma discharge in a
nitrogen atmosphere, the header (anode) is installed at a distance of 2 mm above the decontaminated surface of graphite.
The operating voltage at the discharge gap is set by the power supply in the range of 400-600 V. The sputtering yield
of carbon atoms by nitrogen ions N+ with the energy in the range of 100-500 eV equals to 0.2-0.5 [6]. The sputtering
yield of carbon atoms by nitrogen ions N2

+ with the energy of 150 eV equals to 0.5, which is an order of magnitude
higher than the sputtering yield by argon ions [7]. Therein, the sputtering yield and transfer of material to the header
under conditions of N2

+ ions predominance, as well as the decontamination performance, increases by an order of
magnitude.
[0058] In addition, the contaminated surfaces of the primary reactor coolant circuit designs contain a number of radi-
onuclides that can be selectively collected for subsequent useful application, for example, for the production of radioi-
sotope energy sources, fire safety sensors, applications in nuclear medicine and as isotope indicators. In particular,
selective separation of the various radioactive atoms sputtered in an inert gas conditions (argon, xenon) from contam-
inated surfaces may be achieved by controlling the header temperature (changing the energy deposition to the plasma
gap and the corresponding heating of the electrodes) and temperature distribution along the gas line that removes the
inert gas.
[0059] For example, if the plasma energy is used to maintain the temperature of the electrode and the adjacent section
of the discharge gas line of the order of 2200° K, then only carbon atoms, including the 14C isotope, will be precipitated
in this area, and other atoms will move further along the discharge gas line along with the flow of the heated inert gas.
As the gas flow moves along the discharge line, the inert gas and the sputtered atoms it carries will cool down. In the
section of the gas bleed line where the gas temperature reaches a value of about 1700° C, the precipitation of Co atoms,
including the isotope 60Co, will begin. (according to the data on the saturated vapor pressure of various elements [5] at
a temperature of 1700°K the density of saturated calcium vapors Co is 10-1 Pa). Further along the gas line, after cooling
to the temperature of 720°C, the 41Ca isotope sputtered from the treated surface will be precipitated (half-life 1.3∗105

years, specific activity 4.3∗102 Bq/g in reactor graphite), and other, more volatile radioactive atoms will remain in the
gaseous state and move further along the gas bleed line. Further, as the gas flow cools down, at the temperature of the
section of the gas bleed line of the order of 350°K, the caesium and its isotope 137Cs sputtered from the treated surface
(half-life of 30 years, specific activity of 9 ∗ 102 Bq/g in reactor graphite) will begin to condense (at this temperature, the
density of thesaturated caesium Cs vapors is 10-1 Pa). After the accumulation of the sputtered atoms, the gas bleed line
is divided into segments with selectively isolated isotopes, and they can be used for their intended purpose.
[0060] From the point of view of the industrial applicability of the present invention, for the implementation of the
present method, constructively known and commercially produced electronic power supplies, electronic components,
gas fittings and control devices are used.
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Claims

1. A method for decontaminating a structural element of a nuclear reactor, comprising the nuclear reactor design
component treating with a low-temperature plasma under the flow of reactionless gas characterized in that the
selected site on the surface of the design component is supplied to the electrode, ignite plasma discharge between
the surface of the design component is connected as the cathode, and the electrode connected as the anode, the
operating parameters of the discharge effective to sputtering of the cathode surface are chosen, the cathode is
sputtered, the electrode and gas pipeline, diverting inert gas from the discharge zone are cooled to the temperature
sufficient for the precipitation of the sputtered atoms on the surface of the electrode and lines, and after sputtering
the cathode surface to the specified depth, the electrode is moved to a new area of treatment and the process steps
are repeated until the complete treatment of the entire surface decontaminated design component.

2. The method according to the claim 1, characterized in that the surface of the irradiated graphite stack of a nuclear
reactor is used as decontaminated design components.

3. The method according to the claim 1, the internal surfaces of the primary reactor coolant circuit, as well as its
pipelines and coolant circulation systems, can be used as the design components.

4. The method according to the claim 1, characterized in that argon is used as the reactionless gas.

5. The method according to claim 1, characterized in that nitrogen is used as the reactionless gas.

6. The method according to the claim 1, characterized in that the electrode is made of copper.

7. The method according to the claim 1, characterized in that the electrode is made of aluminum or aluminum alloy.

8. The method according to the claim 1, characterized in that the electrode is made of a refractory metal.

9. The method according to the claim 8, characterized in that the electrode is made of tantalum.

10. The method according to the claim 1, characterized in that the electrode and the gas line that removes the reac-
tionless gas from the plasma discharge zone are cooled by forced circulation of a liquid or gaseous refrigerant having
a set input temperature.

11. The method according to the claim 1, characterized in that the temperature distribution along the length of the gas
line that removes reactionless gas and sputtered atoms from the plasma discharge zone are created so that the
sputtered atoms with different evaporation temperatures will condense on different sections of the line.

12. The method according to the claim 1, characterized in that the surface temperature of the electrode and the line
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sufficient for precipitation of the set sputtered atoms is chosen equal to the temperature at which the saturated vapor
pressure of the precipitated atoms is 0.01 - 10 PA.

13. The method according to the claim 1, characterized in that the shape of the electrode surface is chosen similar to
the shape of the surface of the treated design component so that the gap between the electrode and the treated
component is unchanged over the entire surface.

14. The method according to the claim 1, characterized in that the pressure of the supplied inert gas of the order of
the atmospheric one or lower is selected as the operating parameter of the discharge.

15. The method according to the claim 1, characterized in that the gap between the electrode and the surface is
preferably set as the operating parameter of the discharge so that it does not exceed 100 lengths of the electron
free path at the operating pressure of an inert gas.

16. The method according to the claim 1, characterized in that the electrical voltage between the electrode and the
surface is set as the operating parameter of the discharge in the range from 300 to 1000 Volts.

17. The method according to the claim 1, characterized in that the current density of the plasma discharge is set as
the operating parameter of the discharge in the range of 0.1 ⎯ 1 A/cm2.

18. The method according to the claim 1, characterized in that the repetitively-pulsed mode of plasma discharge is
chosen as the operating parameter, and the pulses duration and their duty cycle according to the performance of
the process of mass transfer of the sputtered atoms on the anode and taking into the account the cooling rate of
the electrode is determined.

19. The method according to the claim 1, characterized in that the depth of sputtering of the cathode surface is
controlled by the level of residual radioactivity after treating the site on the nuclear reactor design component surface.
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